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[57] ABSTRACT

A field-effect transistor serial inverter circuit i1s dis-
closed. Capacitive coupling is provided between the
control electrode of a first inverter and the control
electrode of a load transistor in a serially connected
second inverter. The capacitor thereby couples the
input to the load transistor of the second inverter, sig-
nificantly reducing the transition delay time associated
with the two series inverters, and also increasing the
voltage level available at the output of the second In-
verter to substantially the same level as the supply
voltage.

20 Claims, 2 Drawing Figures
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FAST-ACTING FEEDFORWARD KICKER CIRCUIT
FOR USE WITH TWO SERIALLY CONNECTED
INVERTERS

BACKGROUND OF THE INVENTION

This invention relates to field-effect transistor logic
circuitry and more particularly, to such circuits con-
taining a pair of serial inverters.

The basic field-effect transistor, or FET, inverter
consists essentially of a load FET and an mput FET.
The load FET serves essentially as a resistor connected
between a supply voltage and a common node. The
input FET whose drain-source path is connected be-
tween the common node and a circuit reference point
acts as a switch. As is well-known, one particular type
of field-effect transistor is the metal-oxide-semiconduc-
tor FET known generally as a MOSFET and all FETS
referred to hereinafter are assumed P-channel MOS-
FET devices of the enhancement mode type, but it is
understood that N-channel depletion mode MOSFET
devices, or other types of transistors are equally appli-
cable.

- In the basic FET inverter the input is applied to the

gate of the input FET, and a ground input, defined, for
instance, as a logical 0, causes the mput FET to be
non-conductive; thus, the fixed voltage provided at the
common node by the load FET represents the mversion
of the input. A negative input sufficient to cause the
input FET 'to become conductive is defined as the op-
posite logic state or logical 1. This input grounds the
common node providing a logical 0. The output level 1s
determined by the supply voltage so that the inverter
can also provide amplification.

In some logic applications, two serially connected
inverters are required, such as where the circuit func-
tions as a preamplifier for a push-pull amplifier. All
FET inverters exhibit an inherent delay and where a
serial pair of inverters is utilized, both contribute to the
total delay. Since the speed of the logic circuit is often
of paramount importance, this combined delay 1s unac-
ceptable in many circumstances. Therefore improve-
ments in the speed of inverter operation have been
suggested. For instance, an inverter may be provided
with a bootstrap capacitor coupling the gate of its load
FET to the common node. The resultant capacitive
feedback causes the voltage of the gate of the load FET
to approximately follow the voltage at the common
node, thereby maintaining a nearly constant current
through the load FET during the voltage transition at
the common node. This speeds up the transition be-
cause there is no opposing current change as there
would be without the bootstrapping. A single bootstrap
inverter is disclosed, for instance, in FIG. 1 of R. W.
Polkinghorn et al. Re 27,305, issued Mar. 14, 1972,
and it may, of course, be serially coupled to another
inverter as shown in FIG. 1 hereof.

However, transition speed of a pair of senal inverters
in which the inverters are individually bootstrapped
may still not be sufficient since the second of the invert-
ers must await the change of state of the preceding
inverter and this serial delay is not compensated for by
the bootstrapping of either inverter. Furthermore,
bootstrapping each inverter complicates the circuit
since an isolating FET as well as the capacitor is re-
quired to bootstrap each inverter.

It is therefore an object of the present invention to
provide a fast-acting logic circuit.
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It is a further object to provide a fast-acting, serial
inverter circuit which compensates for serial delay.

It is also an object to provide a fast-acting, amplifier
which provides two serial inversions.

It is still a further object to provide a fast-acting serial
inverter circuit utilizing field-effect transistors of the
metal-oxide-semiconductor type.

SUMMARY OF THE INVENTION

~ In accordance with the present invention, capacitive
coupling is provided between the input to the first of a
pair of serially connected inverters and the load transis-
tor of the second of the pair of inverters. This coupling
provides feedforward of the input voltage to the control
electrode of the load transistor of the second inverter.
Since the common node of the second inverter 1s the
circuit output and the voltage signal at this output 1s the
twice-inverted form of the voltage signal at the circuit
input, the feedforward voltage, which is uneffected by
the delay of either inverter, anticipates the output volt-
age signal. This close correlation between the voltage
at the control electrode of the load transistor of the
second inverter and the forthcoming voltage at the
common node overcomes the serial delay found in the
prior art and, in fact, aids the transition at the common
node. Thus, this feedforward kicker circuit provides
faster operation of the two serial Inverters than was
previously possible. The feedforward voltage also
boosts the output voltage substantially to the level of
the supply voltage, as would the feedback voltage pro-
vided by bootstrapping the second inverter.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic diagram of a seral inverter
utilizing the bootstrapping technique of the prior art to
Increase Speed

FIG. 2 is a schematic diagram of a serial pair of In-
verters in accordance with the present invention.

DETAILED DESCRIPTION

The circuit of FIG. 1 illustrates a serially connected
pair of inverters 11 and 12 in which inverter 12 1s boot-
strapped in accordance with prior art technique. In-
verter 11 consists of load FET Q, and mput FET Q..
The drain-source path of Q, is connected between a
source of supply voltage —V and the common node N,
of inverter 11. The gate of Q, is connected to a negative
bias voltage which may be —V as shown. Input FET Q,
acts as a switch. Its drain-source path connects the
common node N, and a voltage reference node N,
shown as ground. When the input signal voltage applied
at node N, is zero (assumed to represent a logical 0),
Q, is non-conductive or OFF and node N, 1s therefore
near the supply voltage —V representing a logical 1.
When the input at node N, is sufficiently negative (rep-
resenting a logical 1), Q, i1s ON causing node N, to go
essentially to the potential of node Nj, or ground, rep-
resentative of a logical 0. Thus inverter 11 produces at
node N, a signal which is logically opposite or inverted
from the input signal at node N;.

In inverter 12, Q4 and Qs perform similarly to Q, and
Q.,, respectively. The once-inverted signal at node N is
therefore reinverted to produce a twice-inverted signal
at the output node N,. The load connected to node N,
is not shown but is assumed to be capacitive although a
resistive or inductive load would serve just as well.

The bootstrap capacitor C, is used to increase the
speed of inverter 12, If the bootstrap arrangement con-
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sisting of capacitor C; and isolating FET Q;, were not
included in the circuit, the gate of load FET Qg would
be connected directly to the fixed supply voltage —V,
and the drain-source current, which is proportional to
the square of the gate-source voltage, would therefrom
be a function of the voltage at node N, (source volit-

age). Accordingly, when input FET Qg 1s OFF and the
voltage at node N, is near —V, no significant current is

drawn through FET Q4 When Q; is turning ON, it
draws current from node N, in order to discharge node
N, to ground (potential of node N;). However, with the
gate-source voltage of Q, increasing, the current
through FET Q4 increases and this increasing current
must also pass to ground through Qs. Accordingly, the
increase in Q4 current opposes the transition at node Ny
and serves to slow the operation of the circuit. Con-
versely, if FET Q; is turning OFF, the voltage at node
N, is changing from ground toward —V, and since the
voltage at node N, 1s becoming increasingly more nega-
tive, the current through FET Q, 1s decreasing, conse-
quently making less current available at node N, for
charging the load and hence effecting the transition.
These inherent limitations upon the speed of transi-
tions at node N, are reduced by the bootstrapping
shown in FIG. 1. The gate of FET Q, is separated from
supply voltage —V by isolating FET Q3. For a voltage
change at node N, of AV, the change at node N; will

be AVy,.
C,
(c5e)

due to the feedback via the voltage divider formed by
capacitors C; and C,, where C,; is a stray capacitance
caused primarily by the geometry of the semiconductor
structure. By design C, i1s made substantially larger than
C, so that most of the voltage change at node N, 1s
coupled to node Nj. In this way, the gate-source voltage
of FET Q, is kept nearly constant and the current
through FET Q. i1s maintained relatively constant
though the voltage at node N, is changing.

For example, when Qs turns ON and node N, starts to
go to ground, this change in voltage is partially coupled
to node Nj (the gate of FET Q,) by bootstrap capacitor
C,. Thus, the gate-source voltage of FET Q, changes
only slightly from its pre-transition value, and the cur-
rent through Q, will likewise remain near its low pre-

transition value. Therefore, FET Qg can discharge cur-
rent from the load, not shown, without substantial op-

position from the current through FET Q,. Hence, the
bootstrapping speeds up the transition. Similarly, the
fact that the voltage at node N3 closely follows the
voltage at node N, creates a faster logic transition when
FET Q; is turning OFF.

This bootstrap coupling is normally made sufficient
to cause node N, to be more than a threshold more
negative than the supply voltage —V. Therefore, the
source of FET Q, (node N,) will reach the voltage at 1ts
drain (—V). Thus, the bootstrap coupling has the auxil-

- iary effect of boosting the output voltage at node Ny to

substantially the level of the supply voltage for the logic
state corresponding to logical 1.

While the positive feedback provided by bootstrap-
ping does increase the speed of a single inverter, it does
so by responding only after the transition at the com-
mon node has begun. This technique is incapable of
reducing the serial delay, inherent in the operation of

10

15

20

25

30

35

40

43

50

35

60

65

4

two successive inverters and caused by the fact that one
inverter drives another only after the first has made a
transition.

Bootstrapping two serially connected mverters
would, of course, increase overall speed, but a dupl-
cate bootstrap circuit, including an isolating FET and a

capacitor would be required for each inverter.
FIG. 2 illustrates serially connected inverters 21 and

22 corresponding essentially to the inverters 11 and 12
of FIG. 1 respectively, and all elements common to
both figures are given the same numerical designation.
Inverter 21 consisting of load FET Q, and input FET Q,
is connected and operates identically to the previously
described inverter 11. Q, functions as a resistor and Q,
functions as a switch sensitive to the voltage applied to
mput node N;.

Inverter 22 consists of load FET Qg4 and mput FET
Q;. The drain-source path of load FET Q, connects the
supply voltage —V to node N,, and the drain-source
path of input FET Qg connects node N, to the current
reference node Ns. The gate of FET Qj 1s connected to
node N,, the output of inverter 21, and the gate of load

FET Q, is connected to the supply voltage —V through
the drain-source path of isolating device FET Q3 whose
gate is also connected to —V. Stray capacitance C,
associated with the gate of Q, is also shown.

Inverter 22 operates similarly to the previously de-
scribed inverter 12. Thus the once-inverted signal at N,
is applied to input FET Qs causing Qs to switch and
produce a twice-inverted signal at the output node N,
However, there is no bootstrapping between node N,
and node N,. Instead, in accordance with the ivention,
input node N, is capacitively coupled by capacttor Cj
to node N, (the gate of load FET Qy). The input voltage
at node N, is obviously unaffected by the delays associ-
ated with the inverters 21 and 22 and it is logically
similar to the twice-inverted signal at output node N,.

This input signal which is fed forward from node N,
to node Nj; actually anticipates the voltage change at
N,. Thus, node N; leads node N, slightly and insures
that the gate-source voltage of FET Qg changes in ad-
vance of and in aid of the transition at node N4. For
example, if Qs is turning ON, node N; will receive ““ad-
vance notice” since the twice-inverted signal being
produced at node N, is logically the same as the signal
at input node N,. This causes a decreasing current
through FET Q4 as FET Q; turns ON (node N, dis-
charging to ground). Similarly, when Qj i1s about to turn
OFF, the advance application of a logical 1 signal to
node N; will cause the current through Qg to increase
slightly in advance of and while Qj 1s turming OFF
(node N, charging to —V). |

The feedforward capacitor C; forms a voltage divider
with the stray capacitance C,. Thus, a change in the
voltage at node N;, AVy,, will produce AV ;.

G

(5

at node N.. Therefore, C; should be substantially larger
than C, for adequate coupling. It 1s noted that one
skilled in the art could, of course, make appropriate
adjustment of values in order to control the speed of
the circuit. However, it is obvious that if the feedfor-
ward coupling is large while the operations of the mput
transistors Q. and Qs are very slow, the increase In
current through Q, in anticipation of Qs turning OFF,
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could occur long before Qs begins to switch and this
would result 1n a large transient current through Qs.

As 1n the bootstrap arrangement, the application of

additional voltage to the gate of load FET Q, increases

the voltage level available for the logical 1-state at the
output of the second inverter 22 to substantially the
same level as the supply voltage —V, and this may be of
significantly greater magnitude than the correspondmg
voltage at the input node N,. But the major feature of

the circuit is that the feedforward voltage, which is

unaffected by the successive switch delays inherent in
the combined operation of serial inverters 21 and 22,

causes the overall circuit to function faster than the

circuit of FIG. 1. The feedforward coupling via capaci-
tor C; thus serves as a fast-acting kicker circuit for the
serially connected inverted pair. |
The FETS included in the above descrlptlon may be
any appropriate devices. The discussion has, however,
assumed that they are field-effect transistors of the
metaloxide semiconductor type and that P-channel
enhancement mode elements are used. Alternative
types of devices may, of course, be substituted, ‘and
when necessary, appropriate modifications of parame-
‘ters such as biases would have to.be made. In particu-
lar, load FET Q, could be bootstrapped, or it could be
replaced by another type of transistor or by a two ter-
minal diode. Also, input FETS Q, and Q;, which pro-

vide the mput switching function, could be replaced by -

more complicated logic circuitry or by switch devices
other than FETS such as, for example, bipolar transis-
tors. -

In addition, two supply voltages could be substltuted
for the single supply —V shown, as disclosed in U.S.
Pat. No. 3,845,324, issued to C. A. Feucht, Oct. 29,
1974. The drain of a given load FET would then be
connected to one source and the gate, or the isolating
transistor coupled to the gate, would be connected to
the other more negative source.

In all cases it is to be understood that the above de-
scribed arrangements are merely illustrative of a small
number of the many possible applications of the princi-
ples of the present invention. Numerous and varied
other arrangements in accordance with these principles
may readily be devised by those skilled in the art with-
out departing from the spirit and scope of the inven-
tion.

What is claimed is:

1. A serial inverter circuit comprising:

a first and second inverter means, each having an

input and an output, for producing at their outputs
a logically inverted version of the 51gnal applied to
their respective mputs

means for connecting the output of the first inverter

means to the input of the second Inverter means,
whereby after a finite transition delay determined
by the circuit values, the signal produced at the
output of the second inverter means is logically
identical to the signal applied to the input of the
first inverter means; and

feedforward means for coupling the signal applied to

the input of the first inverter means to the second
inverter means to speed up all transitions of the
signal at the output of the second inverter means
made in response to a change of logical state of the
signal applied to the input of the first inverter
nmeans.

2. A serial inverter circuit as claimed in claim 1
wherein the second inverter means includes:

s
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a primary voltage source;
a circuit reference node;
an input device connected to the input of the second
inverter means for selectively creating a conduc-
tive path between the circuit reference node and
the output of the second inverter means in accor-
dance with the signal applied thereto from the
output of the first inverter means; and
a load device having a first controlled electrode cou-
pled to said primary voltage source, a second con-
trolled electrode coupled to the output of the sec-
- ond inverter means, and a control electrode con-
nected to said feedforward means. _
3. A serial inverter circuit as claimed in claim 2
wherein the load device is a field-effect transistor hav-
ing its drain-source path connected between the pl‘l-
mary voltage source and the output of the second in-
verter means, and having means connected to its gate
for 1solat1ng the gate from the primary voltage source;
and - |
the feedforward means causing the voltage on the
gate of the load device to always track the voltage

at the input of the first inverter means, and thereby

antlclpate the voltage at the output of the second

inverter means
4. The serial inverter circuit as claimed in claim 2
wherein the feedforward means includes a capacitive
coupling between the input of the first inverter means
and the control electrode of the load device of the
second Inverter means.

5. A serial inverter circuit as claimed in claim 3

wherein the isolating means is a field-effect transistor
having a first controlled electrode connected to the
gate of the load device and having a second controlled
electrode connected to a second voltage source, said
isolating transistor belng maintained In a conductwe
state. -
6. A serial mverter circuit as claimed in claim $
wherein the 1solating field-effect transistor has a con-
trol electrode connected to said second voltage source,
sald second voltage source being the same as the pri-
mary voltage source. . |

7. A serial inverter circuit as clalmed in claim 3
wherein the input device of the second inverter means
1s a field-effect transistor having its drain-source path
connected between the circuit reference node and the
output of the second inverter means and its gate elec-
trode connected to the output of the first inverter
means. ;

8. A serial inverter circuit as claimed in claim 7.
wherein the input field-effect transistor and the load
field-effect transistor are of the metal-oxide-semicon-
ductor type.

9. A serial inverter circuit as claimed in claim 2
wherein the first inverter means includes an input field-
effect transistor having its drain-source path connected
between the circuit reference node and the output of
the first inverter means, and having its gate connected
to the input of the first inverter means; and

a load device connected between the primary voltage

source and the output of the first inverter means.

10. A serial inverter circuit as claimed in claim 2
wherein the voltage level of the primary voltage source
1s selected so that the voltage level at the output of the
second Inverter means is greater in magnitude than the
voltage level of the logically identical signal at the mput
of the first mnverter means for at least one logic state.

11. A serial inverter circuit of the type having:
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a first and second inverter means, each having an
input and an output, for producing at their outputs
logically inverted versions of the signal applied to
their respective inputs;

means for connecting the output of the first inverter
means to the input of the second inverter means,
whereby after a finite transition time determined
by the circuit values, the signal produced at the
output of the second inverter means is logically

identical to the signal applied to the input of the
first inverter means; characterized in that, the cir-

cuit further includes feedforward means for cou-
pling the signal applied to the input of the first
inverter means to the second inverter means such
that the signal at the output of the second verter
means responds to all changes in logical state of the
signal applied to the input of the first mverter
means in a time less than said finite transition de-
lay.

12. A serial inverter circuit as claimed in claim 11
wherein the second inverter means includes:

a primary voltage source;

a circuit reference node;

an input device connected to the input of the second

inverter means for selectively creating a conduc-
tive path between the circuit reference node and
the output of the second inverter means in accor-
dance with the signal applied thereto from the
output of the first inverter means; and

a load device having a first controlled electrode cou-

pled to said primary voltage source, a second con-
trolled electrode coupled to the output of the sec-
ond inverter means, and a control electrode, said
feedforward means being connected to the control
electrode so that the voltage at the control elec-
trode always tracks the voltage at the input of the
first inverter means.

13. A serial inverter circuit as claimed in claim 12
wherein the load device is a field-effect transistor hav-
ing its drain-source path connected between the pri-
mary voltage source and the output of the second in-
verter means, and having means connected to 1ts gate
for isolating the gate from the primary voltage source;
and

the feedforward means causing the voltage on the

gate of the load device to anticipate the voltage at
the output of the second inverter means.

14. A serial inverter circuit as claimed in claim 13
wherein the feedforward means includes a capacitive
coupling between the input of the first inverter means
and the gate of the load device of the second Inverter

means.
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15. A serial inverter circuit as claimed in claim 13
wherein the isolating means is a field-effect transistor
having a first controlled electrode connected to the
gate of the load device and having a second controlled
electrode connected to a second voltage source, said
isolating transistor being maintained in a conductive
state.

16. A serial inverter circuit as claimed in claim 135
wherein the isolating field-effect transistor has a con-

trol electrode connected to said second voltage source.
17. A serial inverter circuit as claimed in claim 16

wherin said second voltage source is the same as the
primary voltage source.

18. A serial inverter circuit as claimed in claim 13
wherein the input device of the second inverter means
is a field-effect transistor having its drain-source path
connected between the circuit reference node and the
output of the second inverter means and its gate elec-
trode connected to the output of the first mverter

means.
19 A serial inverter circuit as claimed in claim 18

wherein the input field-effect transistor and the load
field-effect transistor are of the metal-oxide-semicon-

ductor type.
20. A serial inverter circuit having:

an input;
an output;
a voltage source node;

a circuit reference node;
a first inverter formed by a first load field-effect tran-

sistor and a first input field-effect transistor, the
first load transistor having its gate connected to the
voltage source node and its drain-source path con-
nected between the voltage source node and a
common node, and the first input transistor having
its drain-source path connected between the com-
mon node and the circuit reference node and its
gate connected to the mput;

a second inverter formed by a second load field-
effect transistor and a second input field-effect
transistor, the second load transistor having its
drain-source path connected between the voltage
source node and the output, the second input tran-
sistor having its drain-source path connected be-
tween the output and the circuit reference node
and its gate connected to the common node;

an isolating field-effect transistor having its drain-
source path connected between the voltage source
node and the gate of the second load transistor, and
having its gate connected to the voltage source
node; and

a capacitor connected between the input and the gate

of the second load transistor.
b * * * %



	Front Page
	Drawings
	Specification
	Claims

